A variable radial coordinate transformation of the phase-only filter ͑POF͒ that is dependent on the energy's angular distribution of the target spectrum is used to perform shift-and scale-invariant pattern recognition. The POF of a basic size target and the cumulative energy of its angular distribution are calculated. The filter function is then transformed by means of stretching along the radial coordinate so that the same energy contribution to the correlation peak is provided for any size target. The maximum ratio for recognizing scaled objects is 1:1.5. Computer simulations and optical experiments showing the performances of the filter are presented.
Introduction
Optical pattern recognition is based on the spatially matched filter. 1 Several methods have been proposed for obtaining different kinds of distortion invariances. Filters based on orthogonal expansions, like circular-harmonic or Mellin radial-harmonic decompositions, allow rotation-and scale-invariant pattern recognition, respectively. 2, 3 With an approach similar to that of this last case but applied in the Fourier plane, scale invariance is also provided. 4 The main drawback of these methods is the low information content of the filters.
Also deriving from matched filtering, filters based on the synthetic discriminant functions are matched simultaneously to several objects ͑see Ref. 5 , for example͒. If the objects are selected as distorted versions of a target, distortion invariance can be achieved. Other pattern-recognition techniques use coordinate transformations of the input. 6 -8 As these transformations are not shift invariant, segmentation of the object image is required.
Finally there are pattern-recognition methods based on feature extraction in the Fourier spectrum or in the autocorrelation pattern. 5,8 -11 The crux of these methods is the analysis of the angular distribution of energy of the corresponding pattern, which is invariant under scale changes. For these methods, segmentation in the input plane or in the correlation plane is needed.
An anamorphic correlator was proposed 12 for shiftand scale-invariant pattern recognition. As the anamorphic transformation does not preserve the angular relations between the symmetric Fourier transform of the scene and the nonsymmetric Fourier transform of the target, the discrimination abilities of the filter are limited. The use of circular-harmonic component filters avoids, in part, the problems of angular mismatch at the price of higher complexity. 13 On the basis of the idea that scale invariance can be obtained by means of nonhomogenous scaling of the Fourier plane, we proposed in a previous paper 14 an elliptic coordinate-transformed filter instead of input transformations. However, this filter shows some drawbacks arising from the angular nonuniformities of the target spectrum. To avoid them, in this study we propose to perform variable radial stretching of the filter that is dependent on the angular distribution of the energy of the target spectrum to achieve shift-and scale-invariant pattern recognition.
Radially Stretched Filter
By use of elliptic coordinate-transformed filters, scaled targets are recognized by partial matching with the filter in different angular sectors for different target sizes. 14 If the Fourier plane is transformed with the stretching coefficients ͑min, max͒ for the axes, then the spectrum of the smallest input object of size S ϭ 1͞max matches the filter along the axis corresponding to the maximum stretching coefficient. For the largest input object of size S ϭ 1͞min the matching region is along the axis perpendicular to the axis for the previous case. Objects with sizes between 1͞max and 1͞min match the filter in different frequency areas.
This kind of filter does not provide good results for objects that present severe angular nonuniformities of their energy distributions in the Fourier plane. This is due to the matching areas, which basically are similar in extension for any target size, independently of the energy value in this sector. To avoid problems of angular nonuniformity we propose a method for preparing the filter using variable radial stretching of the filter that is dependent on the angular distribution of the energy; in this way an energy contribution by the filter that is equal for any size target will be obtained.
If t c ͑ x, y͒ represents the target function in Cartesian coordinates and ͑, ͒ are the polar spatialfrequency coordinates, then the filter function can be expressed as T p ͑, ͒. Its angular distribution of energy, E͑͒, and its cumulative angular energy distribution, C͑͒, can be computed as
Because of the symmetry of the spectrum, this function is normalized in the first quadrant so that
The filter will be modified in its radial coordinate by means of the stretching function f ͑͒:
As we want to recognize targets of any size between certain limits S min and S max , the function f ͑͒ has to be a nondecreasing one, and it should satisfy
In this way, the Fourier transform of a target of size S ʦ ͓S min , S max ͔ will match the filter at an angle S with f ͑ S ͒ ϭ 1͞S. Matching occurs at S and is fair inside a certain interval ⌬͑͒ around this value, where the scale of the filter is close to the scale of the Fourier transform of the target. The energy passing through this interval will contribute to the correlation. This energy should be a constant ͑k͒ for any S ʦ ͓S min , S max ͔, and it will be proportional to the matching interval ⌬͑͒ and to the energy of the spectrum at the angle
The width of the interval is inversely proportional to the slope of the stretching function ͑the steeper the function, the smaller the interval and vice versa͒:
From Eqs. ͑6͒ and ͑7͒, it follows that
Integrating, and according to the border conditions in Eq. ͑4͒ and the external values for C͑͒ in Eq. ͑3͒, results in the stretching function:
With the above expressions it is easy to demonstrate that the angular-matching intervals correspond to uniform radial-matching intervals.
With the original form of the filter T p ͑, ͒ and this result ͓Eq. ͑9͔͒ for the stretching function f ͑͒, a new expression for the filter can be computed in the following form: Figure 1 sketches the stretching of the filter coordinates according to the above-described method. Phase-only filters ͑POF's͒ can be used to increase the light efficiency. Moreover these filters provide a much greater discrimination ability than do matched filters. 15 For these reasons and to keep a uniform angular transmittance, we perform the stretching operation on the POF. Further improvement of the discrimination of the filter, although it will lose light efficiency, can be achieved by application of high-pass filtering by modification of the filter with a central stop.
With all the above considerations, it can be stated that the range of recognizable object sizes is
With an adequate selection of the values for min and max ͑i.e., the stretching coefficients͒ the recognition of scaled targets of sizes both greater and smaller than the original size is possible.
Computer-Simulation Results
A radially stretched filter ͑RSF͒ is prepared for a binary target ͑with the object shown on the left of the top row of images in Fig. 2͒ and inserted into a 256 ϫ 256 matrix. The complex conjugate of the Fourier spectrum of the target is calculated. Then the cumulative angular distribution of the energy is computed, and the filter is radially stretched according to the expressions given in Section 2. Only the phase part is taken to serve as the RSF. The stretching coefficients are min ϭ 0.67 and max ϭ 1, which correspond to the range of the target sizes: 1 Յ S Յ 1.5. A stop radius of 7 pixels is selected as a compromise between light efficiency and discrimination ability. The correlations between scaled targets ͑1.0, 1.1, 1.2, 1.3, and 1.4͒ and this filter provide output peaks of similar intensities and small noise levels. The ratio between the minimum and the maximum correlation-peak values is R ϭ 0.86. The reduction of the ratio from the theoretical value of R ϭ 1 is mainly due to inexact sampling of the scaled targets.
Another image containing the target and two false targets in different scales was prepared ͑Fig. 2͒. The scaling factors of the objects are 1, 1.2, and 1.4. The correlation output signals obtained by interaction of the filter with this image are depicted in Fig. 3 .
Defining the discrimination ability DA of the filter as DA ϭ 1 Ϫ min correlation for any size of the true target max correlation for any size of the false targets ,
we obtain a value of DA ϭ 0.43 for this image. As can be seen, the scaled-target correlation peaks are easily distinguished from the other peaks and from the background noise. Using a threshold of 47% of the intensity of the maximum peak causes only the peak corresponding to the true target to remain.
Optical Experiments
The theoretical concepts that, in this paper, we have derived and checked by computer simulation have also been experimentally tested. The RSF is recorded as a binary computer-generated hologram calculated with the Lohmann detour phase method 16 in 256 ϫ 256 cells with a resolution of 9 ϫ 9 pixels͞cell and is plotted with a 300-dot͞in. ͑dpi͒ laser printer. The filter was then photoreduced to a size of 10 mm ϫ 10 mm on highcontrast film. In a conventional correlator working under spherical-wave illumination, the RSF was inserted as a POF. The input image was the same as that used in the computer simulations ͑Fig. 2͒. Figure 4 shows the correlation output obtained with the optical setup, in which one can observe three bright correlation spots. The experimental results are similar to those obtained with the computer simulation. In this case the discrimination ability obtained is DA ϭ 0.42. We should mention that we have also obtained the scale ratio of the recognizable targets, 1:1.5, by shifting the target along the optical axis of the correlator instead of using digital scaling.
Conclusions
Radial stretching of a POF filter, depending on the cumulative angular distribution of the energy of the target spectrum, is shown to be useful for achieving recognition of objects within a limited scale range. The same contribution of energy by the filter to the correlation peak for any size of the recognizable object is realized. The results obtained are comparable with those obtained by use of the method reported in Ref. 4 , and they increase the performances of the filters described in Ref. 3 , yielding similar correlation-peak heights corresponding to scaled targets.
The pattern-recognition system is a conventional correlator working under spherical-wave illumination, which preserves the shift invariance. Only one computer-generated hologram is needed for recognition instead of two, as is the case in systems based on coordinate transformation in the object plane ͑i.e., one hologram for coordinate transformation and the other for filtering͒. In addition there is no need for segmentation of the objects, as there is in other methods based in an angular signature, 10,11 because feature extraction is needed only during filter preparation and not for the recognition step. Initial experimental results proving the capabilities of the filter have been presented.
